The potential of 3D Hybrid halide Organic Perovskites (HOP) for photovoltaics has been revealed four years ago. [1] [2] [3] [4] Huge progresses have been made to improve the crystalline quality of thin films in solar cell devices, as well as the growth of monocrystalline samples for fundamental studies. 5, 6 Many other possible applications of 3D HOP have recently emerged, and layered HOP have gained renewed interest for light emission and are also promising for photovoltaics. 7 3D
HOP can be considered as a new class of semiconductors, with specific optoelectronic properties. To facilitate the analysis and understanding of their properties, some of us have recently proposed to consider the high temperature 3D HOP cubic perovskite phase as a platform to develop a solid-state physics approach. [8] [9] [10] [11] It can be exploited within the framework of Density functional theory (DFT), which has now been used extensively for 3D HOP, 9,12-16 but we know from the field of classical IV, III-V or II-VI semiconductors that developing symmetry analyses and empirical Hamiltonians has many advantages. For instance, the one-band or multiband (k.p) effective mass approaches close to the band edge, 17, 18 have already been used in 3D HOP to investigate various perturbations among which the effect of lattice distortions, 17 the Rashba-Dresselhaus effect, 17, 19 the Bethe-Salpeter equation for the simulation of the exciton, 8, 11 the radiative lifetime, 20 the selection rules for electron-phonon interactions, 21 and the influence of band gap renormalization, plasma screening and phase space filling on the exciton absorption.
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These models are close to the free-electron model and built upon the assumption that electrons propagate almost freely with wave functions close to plane waves.
An alternative starting point is to use localized atomic orbitals as a basis set to perform bandstructure calculations; this is the tight binding (TB) model also known as the linear combination of atomic orbitals (LCAO) approach. It is closer to chemical intuition. This method has been introduced for periodic crystals by Slater and Koster 22 and was extensively used in a wide range of materials from transition metals to semiconductor crystals. 23 The first description of perovskite crystals using LCAO approach concerns metal oxides 24, 25 in the 60's. A detailed description of the LCAO parameterization of perovskite structures was given by Granovskii 26 and takes into account s, p and d type orbitals based on the symmetry analysis by Egorov. 27 Noteworthy, the TB approach is a semi-empirical method that preserves all the symmetry properties of the crystal. However, it is not designed to yield the crystal structure by minimizing the total energy, and an additional (semi-)empirical or DFT-based approach must be used to yield the atomic positions. 28 Recently, some of us have demonstrated that TB provides an efficient tool for fundamental studies of buried III-V nanostructures with millions atoms, 28 colloidal nanostructures including image charge effects, 29 many-body interactions in semiconductors, 30 and optoelectronic properties of nanostructures including either with direct or indirect band gaps. 31 Besides, stateof-the-art simulations of semiconductor devices, including atomistic effects at the TB level, have also been developed for both inorganic [32] [33] [34] and organic semiconductors. 35 For HOP, Kim and co-workers already proposed a local TB Hamiltonian, developed on an eight functions basis with spin-orbit coupling (SOC). 36 It was designed to model the Rashba effect close to the R-point of the perovskite reciprocal lattice and provides clear evidence of sizeable Rashba effect, thus confirming the initial DFT results addressing the importance of spatial and time reversal symmetries in this new family of semiconductors. 17 Unfortunately, the chosen reduced TB scheme was not designed to afford the entire band structure across the whole Brillouin zone (BZ). Knudson and coworkers also used an extended Huckel TB model to analyze the effects of band folding in tin-based 2D HOP. 37 Given this background and our preliminary results, 11 we are convinced that the present work will open up new avenues for understanding HOP devices.
The aim of this article is to build a simple but general TB model for 3D HOP, starting from the symmetry properties of the cubic reference structure of the halide perovskite lattice (Fig. 1a,b We start by considering the reference cubic structures of the 3D ABX 3 family (Fig. 1b) , where A is an organic or inorganic cation located at the center of the unit cell, B is a metal atom (Pb, Sn, …) and X are halogen atoms (X=I, Br, Cl). Obviously, the interpretation of experiments dedicated to electronic and optical properties of HOP as well as their efficient simulation may greatly benefit from symmetry analyses. 8, 10 To extensively report on symmetry properties, we herein describe in details the high-temperature 3D perovskite cubic reference phase. But it has been shown that, for example, symmetry breaking is relevant to understand the influence of crystal structure change at a phase transition corresponding to a group-subgroup relationship.
10,17
From a crystallographic point of view, at sufficiently high temperature, 3D HOP have a simple cubic lattice with an octahedron pattern and a central cation. Organic cations automatically break the cubic symmetry, but the cubic space group Pm-3m is restored by dynamical averaging of the cation stochastic reorientations at high temperature. Thus, to perform our symmetry analysis within this TB scheme, only the inorganic atoms of each octahedron are considered (Fig. 1a,b ).
For each metal atom B and halogen atom X, we consider one s and three p orbitals (Fig. 1c) . No basis functions are considered for any of the A cations, consistently with DFT studies of the electronic states close to the band edges that do not reveal significant weight stemming from A cations. 13 An isolated octahedron cluster BX 6 belongs to O h point group symmetry (Fig. 1a) , as the cubic crystal ABX 3 (Fig. 1b) Without SOC, nine parameters are considered. This encompasses four different diagonal matrix elements related to the atomic energies of the chemical constituents B and X:
where / = 1, 2, 3 for each X atom.
Five transfer matrix elements refer to the overlap integral of first neighbor atomic functions:
where / = 1, 2, 3 for each X atom
These are schematically represented Fig. 1c . In presence of SOC, the triply degenerate p states whose orbital angular momentum is 3 = 1 split into lower # = and upper # = bands, respectively doublet and quartet, whereas SOC is ineffective on s states (3 = 0). To determine the parameters of the TB Hamiltonian relevant to the cubic phase of MAPbI 3 , we fit the TB band diagram on the following experimental and theoretical data: (i) the experimental band gap, C = 1.61 E , as obtained by photoluminescence measurement at room temperature, 40 (ii) the reduced effective mass, F = 0.104 H , as determined by magneto optical measurement, 41 and (iii) the band diagram obtained within the quasiparticle self-consistent GW theory (QSGW), with SOC included in the self-consistent cycle. 14 Valence (VB) and/or conduction (CB) band densities of states determined by photoelectron spectroscopy with hard X-rays, 42 ultraviolet and inverse photoemission spectroscopies, 43 as well as pressure study of the band gap, 44 provide further information to assess model parameters. Noteworthy, the complete calculation of the electronic band diagram including SOC presented in this work, takes less than 1 sec on any basic desktop computer without any computational pitfall.
A first set of TB parameters (Table S1 , with corresponding computed properties shown Figure   S1 ) allowed to obtain a fit of quite good quality with C = 1.620 E at the R-point (see Brillouin zone sketched Fig. 2a ) and a reduced effective mass of 0.116 H , consistently with the above mentioned experimental results. The SOC value between the predominantly lead-based spinorbit split-off bands (CB) amounts to Δ = = 1.3 E , in line with the findings of earlier reports. 13, [45] [46] [47] This prompts us to examine the way this parameter influences the computed band diagram.
Unfortunately, unlike Δ = that can be rather easily extracted from the splitting of the doublet and quartet CB (Fig. 2e and S1 ), Δ = related to iodine p-like states cannot be easily extracted from the highest lying VB, as a consequence of significant hybridization with the lead 6s orbitals (Fig. 2b) . Thus, we chose Δ = = 0.9 E , close to the value reported in atomic tables, and refine all other TB parameters except Δ = = 1.3 E . Corresponding values and band diagram are given in Table 1 deteriorates. We thus proceed with the TB parameters given Table 1 to further investigate the potential of this sp 3 TB model.
Prior to that, we should underline two limitations of the present TB model. They are a direct consequence of the desired simplicity, namely a model simple enough to allow symmetry consideration to be taken into account close to the band gap. Firstly, the present TB approach is limited to first nearest neighbor interactions and this directly influences the flexibility of the TB model, namely it further contributes to the flatness of some of the band dispersions (vide supra).
Secondly, the sharp curvature of VB in the vicinity of 5 eV below the top of the VB (Fig. 2c) , much less pronounced in both DFT and QSGW calculations, 8, 14 is an indirect consequence of the low hole effective mass that has to be considered to fit both the band edge dispersion and experimental data. However DFT based computations also fail to reproduce the experimental VB density of states in the same energy range. 42, 43 Among others, the optical absorption of a given material is a key parameter for its potential 
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Noteworthy, the shape of the spectrum is similar to that computed by Brivio and co-workers. 14 It might not be surprising, as part of the TB parameterization relies on their calculated band structure. Nonetheless, there is a marked difference for the higher optical feature, which is found above 3 eV in the QSGW spectrum, 14, 52 while it is close to the experimental value in the TB spectrum computed with parameters of Table 1 , without need of any empirical rescaling. In fact, an empirical rescaling was used for QSGW data, to correctly match the optical spectrum over a large energy range. 52 In addition, when using our first set of TB parameters (Table S1 ) in which the SOC splitting for iodine atoms is unrealistically high, similar discrepancies with experimental observation are found ( Figure S1 ). Thus, using the TB parameters of Table 1 
where s is the band index, the position vector and r the wave vector inside the BZ. The E 'r phase factor is important to understand the bonding or antibonding character of the wavefunctions. This decomposition allows determining which orbitals are hybridized at each point of the BZ ( Table 2) . At the R-point corresponding to the optical band edge (Fig. 2a, Fig. 3 and Table 2 ), the symmetry adapted basis functions associated to each IR are (without SOC):
Point of BZ s(B) p(B) s(X) p(X)
• two u y functions: | ,
• two u y functions:
• three u { y functions:
• three u } y functions:
This confirms that the totally symmetric u y correspond to s(B) -p(X) hybridized atomic orbitals at the top of the VB at point R, whereas the bottom of the CB u { U correspond to p(B)
states (Fig. 2b) . • are respectively the transfer matrix element and the lattice parameter, without strain. 38 The band gap variation as a function of the lattice strain, shown Fig. 4 , is reversed as compared to classical semiconductors. This is a consequence of the reverse ordering of the CB and VB in halide perovskites. 13 In order to precisely track the origin of the band gap variation, it is possible to calculate analytically the eigenvalues after block diagonalization of the Hamiltonian. The 
This clearly shows that the band gap variation as a function of the strain is related to the transfer integrals between the s and p orbitals of B and X atoms, and . The most important variation is related to the VB maximum. The same conclusion was drawn qualitatively in a recent experimental paper reporting on pressure dependence of the band gap of MAPbI 3 . 44 Indeed, the authors assumed that the CB has mainly a nonbonding Pb p character. It is possible to quantify this aspect with the TB modelling, and state that the p orbitals of X atoms and the s orbital of the B atom are energetically closer, thus enhancing the coupling (see expressions (2) and (3)). More, is significantly larger than (Table 1) .
With SOC, the CB minimum splits in a double degenerate CB minimum ( At point M , , 0 , the basis functions associated to each IR read:
• one g y function:
The electronic states at the M-point correspond to a saddle point of the Fermi surface, 8 and contribute to an additional feature in the optical absorption spectrum (Fig. 3) . From symmetry consideration, it appears clearly that the s-p bonding does not stabilize the VB maximum t y at the Γ-point like at the R-point; this is a direct consequence of the phase factor in the definition of the Bloch functions (expression (1)). 50 Finally, in order to illustrate a simple approach of the Rashba effect within a TB model, we shift the position ˜ of the third iodide atom X along the z axis, by a quantity i (˜ = + i) (Fig. 5a ). This shift corresponds to a space group change from Pm-3m to P4mm and the creation of a permanent electric dipole along the ˜ axis. 19 Using the variation of the above mentioned transfer matrix elements as a function of interatomic distances, it is straightforward to show that,
for small values of i, two phase factors are modified (see supporting information for the definition of ℎ ™ , š ™ ):
The resulting electronic band diagrams along the g Ÿ 0, , − u − g , 0, path of the cubic BZ are given in Fig. 5b ,c, for a displacement of the axial iodine atom along Oz u=0.05.
Without SOC, the phase transition lifts partially the degeneracy in the CB. 17 Adding SOC lifts totally the degeneracy (Fig. 5c) . 17 The Rashba effect is characteristic of a further lifting of the spinor degeneracy in the vicinity of the R-point, both in CB and VB, first revealed in the context of HOP in ref. 17 based on DFT calculations. Noteworthy, the band structure along the u − g ¡ path does not exhibit such a degeneracy lifting, since the Oz polar axis corresponds to the C 4 axis of the structure. • Full expression of tight binding Hamiltonians without SOC
• Simulations with alternative TB parameters.
• 
